The presence of mast cells near capillary sprouting sites suggests an association between mast cells and angiogenesis. However, the role of mast cells in blood vessel development remains to be defined. In an attempt to elucidate this relationship, we investigated the effect of human mast cells 
Introduction
The formation of new blood vessels is critical, not only for a variety of normal physiological processes, such as wound healing and placental development (1, 2) , but also in many pathological conditions, including solid tumor growth and diabetic retinopathy (3, 4) . As exemplified in rheumatoid arthritis and other chronic inflammatory joint diseases, increased vascular proliferation can facilitate joint cartilage destruction (5) . Recent studies have explored the effect of specific growth factors on angiogenesis, but limited knowledge exists regarding the regulation of angiogenesis by host cells in vivo. Mast cells, which have been shown to accumulate near sites of new capillary sprouting, have long been implicated in angiogenesis, but relatively little experimental data has accumulated (6, 7) . We postulated that mast cells are recruited to sites of neovascularization and then release products that stimulate vascular tube formation. The recruitment of mast cells to these sites may be governed by angiogenic factors, as we have reported previously (8) .
The complex phenomenon of angiogenesis begins with degradation of the basement membrane by cellular proteases. This allows endothelial cells to penetrate and migrate into the extracellular matrix and then proliferate. In the final stages of this process, the endothelial cells align themselves to form capillary or tubelike structures. These new structures then form an anastomosing network that undergoes significant remodeling and rearrangement before fully functioning capillaries exist (6, 9) . The process of angiogenesis is regulated by numerous factors, including growth factors, integrins, and components of the basement membrane.
A widely used in vitro model for studying angiogenesis involves culturing endothelial cells on extracted basement membrane matrix, whereupon tube formation can be monitored. We examined the influence of a widely used human mast cell line (HMC-1) 1 using this basic cell culture model. It was observed that secreted products from these mast cells stimulated microvascular endothelial cells to rapidly differentiate and mature into vascular tubes in vitro. Additional studies, intended to delineate the responsible mast cell mediator, disclosed that the serine endopeptidase tryptase (10) was largely responsible for the angiogenic effect. This tetrameric enzyme is released in abundant quantity from mast cells that are ionically bound to heparin proteoglycan, which stabilizes tryptase in its enzymatically active form (11) . Although two genes for human tryptase have been identified, ␤ -tryptase appears to account for the enzymatically active enyme found in human lung mast cells and the mast cell leukemia cell line HMC-1 (12, 13) . Our results confirm that mast cells markedly enhance overall capillary growth and, specifically, identify tryptase as a previously unrecognized but critical factor in regulating angiogenesis. A23187 , PMA, and dextran sulphate ( M r 500,000) were obtained from Sigma Immunochemicals (St. Louis, MO). Vitrogen 100 Type I collagen was obtained from Collagen Biomedical (Palo Alto, CA). Recombinant basic fibroblast growth factor (bFGF) was purchased from R & D Systems, Inc. (Minneapolis, MN). Bis(5-amidino-2-benzimidazo-lyl)methane (BABIM), a nontoxic potent tryptase inhibitor (14) , was kindly provided by Dr. R. Tidwell (University of North Carolina, Chapel Hill, NC). Recombinant leech-derived tryptase inhibitor (rLDTI), also a nontoxic inhibitor (15) , was a generous gift from Dr. Christian P. Sommerhoff (Abteilung für Klinische Chemie und Klinische Biochemie in der Chirurgischen Klinik und Poliklinik, Munich, Germany).
Tryptase was purified to homogeneity from the human lung by high salt extraction, immunoaffinity chromatography, and heparinagarose chromatography, as described previously (11) . Tryptase activity was quantitated by monitoring hydrolysis of tosyl-L -Gly-ProLys-p -nitroanilide using a standard spectrophotometric assay at 405-nm wavelength (11) . Tryptase preparations used in these experiments had specific activities between 80 and 100 U/mg. 1 U equals 1 mol of substrate cleaved per minute at room temperature. Molar concentrations of tryptase were determined using the molecular weight of the tetramer (134 kD). The tryptase inhibitors BABIM and rLTDI were capable of reducing hydrolytic activity by ‫ف‬ 90% in the standard assay.
Cell culture. Human dermal microvascular endothelial cells (HDMEC) were isolated from human foreskins by modifications of previously published methods (16, 17) . Briefly, HDMEC were released from foreskins by trypsinization and were purified by gradient centrifugation. Cells were initially cultured in 1% gelatin-coated tissue culture Petri dishes (35-mm; Falcon Plastics, Cockeysville, MD), and the subcultured cells were then grown to confluence in Falcon T-75 flasks before harvesting for use in experiments. HDMEC were cultured in endothelial basal media MCDB 131 with 20% heat-inactivated human serum, 100 l/ml gentamicin, 1 g/ml hydrocortisone, 17.5 g/ml dibutyryl cAMP, 10 ng/ml EGF, and 0.4% vol/vol bovine brain extract. HDMEC were free of contaminating fibroblasts, as assessed by von Willebrand factor staining, uptake of acetylated low density lipoprotein (Dil-Ac-LDL), and a typical cobblestone morphology of confluent monolayers. HDMEC were used for experiments between the 6th and 10th passages.
Preparation of mast cell-conditioned media. The human mast cell line HMC-1, kindly provided by Dr. J. Butterfield (Mayo Clinic, Rochester, MN), was maintained in fresh culture medium as described originally (18) . These cells displayed granular pale metachromasia upon acidic toluidine blue staining and reacted by immunohistochemistry with G-3 mAb specific for tryptase (19, 20) . Secreted products from these cells (henceforth referred to as releasates) were generated after degranulation by exposure of HMC-1 to calcium ionophore A23187. Optimal stimulation and release were achieved by incubating HMC-1 cells (3 ϫ l0 6 /ml) for 8 h with 500 ng/ml A23187 at 37 Њ C. The tryptase content of these releasates ranged from 1 to 3 nM. At least three different preparations of HMC-1 releasates were used for the studies described below. All experiments were performed using A23187 (500 ng/ml) in culture media as a negative control, in the absence of mast cells, for comparative purposes.
Collagen gel preparation. 7 vol of Vitrogen 100 type I collagen (3.1 mg/ml) was mixed with 1 vol of 10 ϫ MEM, 1 vol of sodium bicarbonate (23.5 mg/ml), and 4.2 l/ml of gentamicin in a sterile 15-ml tube on ice (21) . After the pH was adjusted to neutral, 1 vol of distilled water was added. The mixture was quickly added to a 24-well plate (300 l/well) and allowed to gel for 30 min at 37 Њ C. Once gelled, the wells were washed twice with endothelial cell basal medium and then incubated for 2 h with HDMEC culture medium.
Matrigel endothelial cell tube formation assays. HDMEC plated on Matrigel-coated wells rapidly form a dense capillary network. Growth factor-reduced Matrigel (GFR-Matrigel), prepared from the Engelbreth-Holm-Swarm tumor and treated to deplete endogenous growth factors (Collaborative Biomedical, Bedford, MA), was allowed to gel for 30 min at 37 Њ C after coating 24-well plates (250 l/ well) (22) . The advantage of using GFR-Matrigel over standard Matrigel is that differences in tube density in the presence of exogenous stimulants are more readily appreciated. In our experience, HDMEC tube formation was significantly slower under naive conditions in GFR-Matrigel compared to standard Matrigel. HDMEC were seeded at a density of 4-5 ϫ 10 4 cells/well in 1 ml of complete medium, and the effect of cell products was monitored after the addition of either HMC-1 releasate or cocultured HMC-1 cells. For certain experiments, cycloheximide ( ‫ف‬ 25 g/ml; Sigma Immunochemicals) or actinomycin D ( ‫ف‬ 6 g/ml; Sigma Immunochemicals) were added to the cells to determine the dependency of tube formation on translation or transcription, respectively (23).
Plates were incubated at 37 Њ C for 16 h. The medium was aspirated, and the cells were fixed and stained with Diff Quik. The area of the tube growth was visualized with a Diaphot microscope (internal magnification of 2.5 ϫ ; Nikon Inc., Melville, NY) at a magnification of 10 ϫ . Initially, photographs of three to four random optical fields were taken with a Nikon N2000 camera on a phase microscope at magnifications of both 4 ϫ and 10 ϫ . Experiments to be quantitated were examined with a Nikon Diaphot microscope, as described above, which was directly interfaced to a video monitor linked to a Macintosh Quadra 800 computer. Several random images per well were obtained with Adobe Photoshop, and final quantitation was done by MetaMorph Imaging System, an image analysis program.
Tube inhibition assay. To identify the responsible mast cellderived mediator that regulates angiogenesis, antagonists or inhibitors of specific mast cell products were analyzed for their effect on the tube formation assay. The tryptase inhibitor BABIM at 50nM was incubated with HMC-1 releasate for 30 min in 5-ml round-bottom tubes. In separate experiments, tryptase was incubated with rLDTI (25 M) for 30 min in 5-ml round-bottom tubes. The pretreated releasates were then added to wells coated with Matrigel. HDMEC (4-5 ϫ 10 4 ) were immediately seeded on the wells. Plates were incubated at 37 Њ C for 16 h and then fixed and stained with Diff Quik. Images of the wells were obtained, and the percent inhibition, compared to HMC-1 releasates, was analyzed as described above.
In separate experiments, tryptase (3 g/ml) stabilized by heparin glycosaminoglycan at ‫ف‬ 1.2 molar ratio (11), was added to assess its angiogenic potential. Heparin stabilizes tryptase in its physiologically active tetrameric conformation (11) . Identical concentrations of heparin were added to cells as a control. For certain experiments, dextran sulphate, in concentrations to achieve ‫ف‬ 1.2 molar ratio in PBS and 0.1% BSA, was used as an alternative tryptase stabilizer (24). The dependency on a proteolytically active tetrameric enzyme conformation (20) was also tested by allowing tryptase to incubate in physiologic buffer for several hours in the absence of any glycosaminoglycan before assessing its angiogenic potential.
Collagen endothelial cell tube formation assays. Separate experiments were performed using purifed collagen as a substratum for HDMEC tube formation. These experimental conditions are less permissive for spontaneous tube formation, as compared to Matrigel preparations. In these studies, HDMEC (10 5 ) were added to each collagen-prepared well (essentially as described above) in cell culture medium in the presence or absence of a stimulant. Wells were incubated with PMA at 6, 30, and 60 ng/ml, or with bFGF at 3, 30, and 60 ng/ ml. These growth factors were compared to HMC-1 releasate diluted 1:10 with cell culture medium. The tubes were analyzed at day 10, and the area of vascular tube formation was determined. Replicate wells were analyzed in each experiment, and each experiment was repeated at least three times.
Confocal microscopy and scanning electron microscopy. HDMEC (4-5 ϫ 10 4 ) on 500 l GFR-Matrigel were treated with either tryptase or HMC-1 releasate (1:10 dilution) and incubated for 16 h. Samples were fixed in either 2% paraformaldehyde for confocal microscopy or 2.5% glutaraldehyde and 2% paraformaldehyde, and were washed in 2 ϫ PBS for scanning microscopy. The samples for scanning microscopy underwent a final fixation in osmium tetroxide, followed by al-cohol dehydration, critical point drying with CO 2 , and sputter coating with gold. The capillary tube formation was examined using either a confocal microscope (Odyssey; Noran Instruments Inc., Middleton, WI) in reflective mode or a scanning electron microscope (JSM; J.E.O.L. USA, Inc., Peabody, MA) at the Microscopy Imaging Center, SUNY at Stony Brook. The images of the tube-like structures were sequentially obtained (0.25-m serial sections) using reflective confocal microscopy, and were then subsequently analyzed by a computer-assisted software program (Voxelview; Vital Images) and reconstructed in an effort to provide a series of cross-sectional views for analysis (with the kind assistance of David Colfesh, Microscopy Imaging Center, SUNY at Stony Brook).
Endothelial cell proliferation assay. 100 l of HDMEC cells per well (5 ϫ 10 4 cells/ml) were plated in EBM with 2% serum in 96-well tissue culture plates, and were incubated at 37 Њ C for 4-6 h to allow the cells to adhere. Test substances and controls were added in triplicate, and the plate was incubated at 37 Њ C in 5% CO 2 for 72 h. HDMEC mitogenesis was determined using a nonradioactive cell proliferation assay system consisting of tetrazolium and phenazine methosulfate (Promega). Results were read using an ELISA reader at 490 nm.
Statistical analysis. Data were analyzed with the unpaired Student's t test and the Mann-Whitney test.
Results

Effect of HMC-1 releasate and cocultured HMC-1/HDMEC on vascular tube formation. Incubation of HDMEC on GFR-
Matrigel without exogenous stimulation revealed that HDMEC rearranged or aligned themselves in an organized manner within 1 or 2 h of plating. By 16-18 h after plating, the tubeforming process reached a maximum. In the absence of stimulation, HDMEC formed only a small number of short, incomplete tubes. The majority of the tubes were not linked to one another, but remained close to the cell body from which it was derived. After 18 h, the tubes began to disintegrate, and their networks became less defined. In the presence of either cycloheximide or actinomycin D, tube formation was completely inhibited (data not shown).
The effect of HMC-1 releasates on HDMEC was noted by 6 h after plating on Matrigel. Visual differences were obvious as compared to untreated control cells (Fig. 1, a and b ) . The untreated HDMEC formed significantly less tubes in comparison to the stimulated cells. A majority of the control cells formed the characteristic monolayer observed when HDMECs are plated on plastic rather than organized into tubes. After a 12-h incubation, the cells treated with HMC-1 releasate further differentiated into an expansive tube network and became progressively denser ( Fig. 1 d ) , whereas most of the control cells remained as individual clusters or ovoid colonies (Fig.  1 c ) . By 16 h, the boundaries of the stimulated tubes were sharply defined, elongated, and extended more from the cell body. Furthermore, a majority of the endothelial cells formed tubes. Overall, cells treated with HMC-1 releasate resulted in a more extensive network of interconnecting tubes compared to untreated HDMEC. By quantitating the surface area occupied by tubes (see Methods), we observed that incubation of HDMEC with HMC-1 releasate greatly increased both the area of the capillary network and the average length of tubes. The calculated total area of tube growth in HMC-1 releasatetreated cells increased more than 20-fold over the controls (Fig. 2) .
To determine if HMC-1 directly cocultured with HDMEC stimulates tube growth, HMC-1 were seeded at varying ratios with HDMEC. The addition of resting HMC-1 mast cells without a secretagogue caused an increase in tube growth (data not shown). Furthermore, when HMC-1 were degranulated with calcium ionophore A23187 in coculture, there was an even greater increase in tube formation. A clear-cut dose response was observed at HMC-1/HDMEC ratios of 1:1, 1:10, and 1:100 (Fig. 3) . The ionophore alone had no detectable effect on the endothelial cell tube formation directly.
Since tryptase is a major secretory product of human mast cells, purified tryptase was added directly to HDMEC. Tryptase (stabilized with either heparin or dextran sulphate) induced a 10-fold increase in capillary tube formation compared to the controls (Fig. 4 top ) . The heparin and dextran sulphate controls produced minimal tube growth that was not significantly different from endothelial cell control values. The vascular tubes resulting from tryptase treatment were clearly defined with extensive networks, as compared to untreated cells. A typical dose response was observed when increasing amounts of typtase/heparin was added to endothelial cells (Fig. 4 bottom ) . The graph indicates that heparin alone contributes ‫ف‬ 25% to total capillary tube growth, while tryptase (stabilized with heparin) is responsible for the majority of this enhancement.
To determine if tryptase mediated tube formation by affecting the Matrigel rather than the endothelial cells directly, the following experiment was performed. Matrigel was preincubated with tryptase in the absence of cells for several hours, and then BABIM was added to inhibit tryptase. The HDMEC were then introduced and incubated as described previously. Endothelial cells added to this tryptase-treated Matrigel failed to form any more tubes than under control conditions, implying that the effect of tryptase is likely to be a direct effect on endothelial cells. Inhibition of HDMEC tube formation. HMC-1 releasate, pretreated for 30 min with the tryptase inhibitor BABIM, was added to HDMEC on GFR-Matrigel at the specified concentrations. The pretreatment with a tryptase inhibitor resulted in blunting 88% of capillary growth compared to the HMC-1 releasate-treated cultures (Fig. 2) . The effect of another tryptase inhibitor, rLDTI, was comparable to BABIM (data not shown). Morphologically, HDMEC treated with HMC-1 releasate in the presence of the tryptase inhibitor BABIM formed a minimal number of tubes compared to intact HMC-1 releasate (Fig. 5, a-c ) . Moreover, BABIM added directly to HDMEC had no effect on capillary development (Fig. 5 d ) , and none of the inhibitors were toxic to the cells, as determined by trypan blue exclusion.
To test the specificity of BABIM and rLDTI in the angiogenic response to tryptase, bFGF was pretreated with the tryptase inhibitor and then added to HDMEC. bFGF stimulated 18,957 m 2 of tube growth, and the addition of tryptase inhibitors (BABIM and rLDTI) had no effect of bFGF-mediated capillary growth (data not shown). Likewise, the phorbol ester PMA induced tube formation that was not suppressed by pretreatment with BABIM or rLDTI.
Lastly, to directly address whether tryptase must be catalytically intact to mediate tube formation, the following studies were performed. Purified tryptase was pretreated with ) were incubated on GFR-Matrigel in 24-well plates. HMC-1 cells were directly added to the wells at ratios of 1:1, 1:10, and 1:100 (HMC-1/ HDMEC) with calcium ionophore A23187. Wells were fixed and stained after 16 h, and then the area of capillary growth was quantitated with MetaMorph Imaging System, an image analysis program. Data are expressed as meanϮSD (n ϭ 3) from images of random fields at 10ϫ magnification. Each asterisk indicates that the value is significantly greater than its corresponding control value (P Ͻ 0.00003 for 1:1; P Ͻ 0.0007 for 1:10; and P Ͻ 0.002 for 1:100).
BABIM or rLDTI, and the effect on capillary tube growth was analyzed (Fig. 6) . BABIM was able to inhibit 73% of tube formation compared to intact tryptase, while rLDTI produced comparable (71%) inhibition (Fig. 6) . Tryptase, which was allowed to separate into the proteolytically inactive monomeric form in the absence of glycosaminoglycans, was also incapable of inducing tube formation over basal levels. The subsequent addition of heparin did not restore proteolytic activity nor the ability to induce tube formation (data not shown).
Endothelial cell tube formation on collagen gels. To examine tube formation on an extracellular matrix that is inherently less conducive for rapid neovascularization, HDMEC were cultured on collagen gels in the presence or absence of stimulants. Confluent cultures of endothelial cells on the collagen gels appeared as a monolayer of interlocking cells (Fig. 7 a ) . 4 h after PMA was added, the cells became elongated and spindle shaped, but bFGF and HMC-1 releasate did not induce any immediately noticable changes in cell shape (data not shown). After 48 h, numerous tubes were visible in the wells treated with PMA. Cells treated with bFGF did not form a significant number of tubes until 72 h after treatment. HMC-1 releasate induced tube formation between 48 and 72 h after treatment. The plane of focus of the tubes in all the treated wells was clearly below the surface, where a monolayer still existed (Fig.  7, b and c ) . A scattered network of tubes was visible 24 h after tube formation began. After 72 h, the cultures were aspirated, and the cells were restimulated with fresh media supplemented with the appropriate stimulant. By day 7, a dense network of capillary-like structures formed in all the treated wells. The controls remained in the characteristic monolayer without any discernible tube growth. By day 10, a majority of the tubes extended deep into the collagen gel, and the experiment was terminated and analyzed. Concentrations of PMA and bFGF of 30 ng/ml or greater were adequate to stimulate this process. HMC-1 releasate resulted in tube formation on these collagen gels comparable to bFGF.
Confocal microscopic and ultrastructural analysis of in vitro capillary tubes. Reflective confocal microscopy, with computer-asssisted reconstruction of the images to provide a crosssectional analysis, revealed tube-like structures with circular appearances (Fig. 8, inset) . The ultrastructure of HDMEC, plated on Matrigel and incubated with HMC-1 releasate, was also analyzed by scanning electron microscopy. Tubular structures resembling in vivo capillaries extended out from their cell bodies of origin (Fig. 8 a) . Individual tubes formed connections with other developing capillaries (Fig. 8 b) to create an interconnecting network of maturing vessels. In earlier steps of the developmental process, several tubes were seen as open channels that appeared to seal apically (Fig. 8 c) . In some sections, we observed that closure was initiated by the walls on each side of the tube rising upward to meet in the middle (Fig.  8 c, arrows) . In the final process of vessel formation, the in vitro-generated tubes resembled in vivo capillaries, with only an occasional small aperture remaining on the superior surface of the vessel (Fig. 8 d, arrow) .
Endothelial cell proliferation. Tryptase, incubated with HDMEC for 72 h, markedly enhanced cell proliferation (Fig.   9 ). Heparin alone was capable of inducing cell proliferation, but to a much lower degree, as compared to tryptase/heparin. The maximal proliferative response was comparable to 5% serum. A dose response to tryptase was observed (2 pM-2 nM). Thus, enzymatically stabilized tryptase directly induces microvascular endothelial cells to proliferate in the absence of a matrigel or collagen substratum.
Discussion
A better understanding of how mast cells participate in angiogenesis is critical to further our knowledge about vascular development and remodeling. Mast cells reside mainly in connective tissue and are often found near small vessels. They are involved in regulating the microcirculation and controlling traffic of cells in tissues (25) . Eady et al., found a correlation between the number of mast cells and the density of blood vessels in the dermis, suggesting a role for mast cells in angiogenesis (26) . Additional support was derived from an analysis of angiogenesis on the chick chorioallantoic membrane. An increased number of mast cells was noted immediately before new blood vessels appeared, implying an active role in angiogenesis (27) . More recently, investigators demonstrated that stimulation of mast cells within the chick chorioallantoic membrane leads to proliferation of microvessels (28) . In addition, preliminary studies of tumor implants in mast cell-deficient mice, as compared to mast cell-replete litter mates, reveal a substantial influence of mast cells in allowing neoplastic tissue to invade and vascularize the host tissue (29) .
Despite these observations, the precise mechanism by which mast cells act at these neovascular sites is largely unknown. Mast cells conceivably may contribute to any of a number of events related to angiogenesis, including dissolution of extracellular matrix, migration of endothelial cells, or stimulation of cell proliferation and differentiation (30, 31) . Recently, mast cells have been shown to be a rich source of several potent angiogenic factors, including bFGF, TGF-␤, and VEGF/ VPF (32) (33) (34) . The present study provides confirmation for a direct association between mast cells and vascular tube formation. Furthermore, we identified a critical component secreted by mast cells (i.e., tryptase) that is responsible for mediating angiogenesis under these experimental conditions.
A variety of in vitro models have been used to study angiogenesis. We selected two slightly different models and compared the effect of mast cells on the extent of microvascular capillary tube formation. By culturing HDMEC on an isolated basement membrane substratum (GFR-Matrigel), capillary formation occurred de novo, albeit limited. In contrast, HDMEC cultured on purified collagen type I matrix essentially abolished tube formation in the absence of stimuli. The first evidence of tube growth on collagen was not discernable Figure 6 . The effect of tryptase proteolytic inhibitors on vascular tube growth mediated by tryptase. Tryptase (3 g/ml) , preincubated for 30 min with either BABIM (50 nM), rLDTI (25 M) , or culture media alone, was added to 24-well plates coated with GFR-Matrigel. Data are expressed as the meanϮSD (n ϭ 3) from images of random fields at 10ϫ magnification. The asterisk indicates that the value is significantly greater than its corresponding control value (P Ͻ 0.003). Figure 7 . Effect of PMA on HDMEC tube formation on collagen gel. HDMEC (10 5 ) were seeded on collagen gel in 24-well plates. Cultures were stimulated with PMA (30 ng/ml), fixed after 72 h incubation, and photographed with a Nikon N2000 camera on a phase microscope at 4ϫ magnification, as described in Methods. until a minumum of 24 h, whereas tubes appeared on Matrigel within 1-2 h after plating, as previously reported (16) . Based on our initial results, we performed a majority of the experiments on GFR-Matrigel. Nonetheless, we observed that mast cell products induced angiogenesis within the less permissive microenvironment of purified type I collagen.
Ultrastructural analysis using the scanning electron microscope and reflective confocal microscopy confirmed that the endothelial cell structures that formed were indeed threedimensional tubes. The tubes appeared to seal at the apical surface over time. Previously, Folkman et al. described capillary tube formation using endothelial cells cultured on plastic in tumor-conditioned medium (35) . In contrast, Zimrin et al. dispute these findings and contend that human umbilical veinderived endothelial cells cultured on Matrigel develop morphologic changes that are neither dependent on new transcription or translation, nor represent cylindrical tube formation (23). Our experimental model system, which differs by using human microvascular endothelial cells on a GFR-Matrigel substratum, was clearly dependent on transcriptional and translational events, since actinomycin D or cycloheximide totally abrogated tube formation. In addition, scanning electron microscopy indicated tube formation, and reflective confocal microscopy confirmed the formation of cylindrical structures (Fig. 8) . Our results are similar to earlier studies by Kubota et al. (36) , demonstrating that human microvascular endothelial cells formed capillary-like structures on Matrigel, as revealed by transmission electron microscopy. Differences in experimental conditions, including the use of microvascular endothelial cells and GFR-Matrigel supports, may explain the discrepant results when using these in vitro models of angiogenesis.
In a series of experiments, we examined the effect of HMC-1 products on capillary tube growth in GFR-Matrigel and type I collagen. The HMC-1 mast cell line represents a reasonable alternative to native human mast cells, which are difficult to obtain in large enough quantity or to propogate in culture to use for experimental purposes. HMC-1 cells release numerous cytokines, proteoglycans, and tryptase (19, 37, 38) similar to mature human mast cells. However, the lack of Fc ⑀ RI membrane receptors and the general cytoplasmic morphology of the HMC-1 cells reflect their immature stage of differentiation (18) . Thus, experimental findings using HMC-1 cells will require further confirmation with mature isolated human mast cells.
Within these confines, our studies revealed that HMC-1-conditioned media greatly enhanced the anastomosing network of capillary sprouting. Cocultures of HMC-1 cells with HDMEC also resulted in significant vascular tube development, especially after mast cell secretion. As the HMC-1/HDMEC cell number ratio approached unity, the network of capillaries increased in a dose-response manner. The number of mast cells per endothelial cell used in these experiments was typical of physiological conditions, since even at ratios of 1:100 (HMC-1 to HDMEC), a significant increase in capillary tube growth was observed.
Additional experiments were performed to assess the role of tryptase in mediating mast cell-induced angiogenesis. By pretreating the HMC-1-conditioned media with specific tryptase inhibitors, we observed a marked decrease in the area of capillary growth. In contrast, the addition of these inhibitors to bFGF and PMA did not affect the angiogenic response, confirming the specificity of these compounds in this experimental setting.
To further investigate the hypothesis that tryptase induces angiogenesis, we directly added highly purified human tryptase to HDMEC on Matrigel. We observed that tryptase markedly stimulated more than a 10-fold increase in the area of capillary tubes. This increase was also significant when compared to stimulation with the stabilizing glycosaminoglycans alone (heparin or dextran). A typical dose response for purified tryptase was established. The concentration of tryptase within this dose range could easily be achieved in tissue, assuming an average mast cell tissue density of ‫ف‬ 7,000/mm 3 and ‫ف‬ 35 pg tryptase/mast cell (39).
Although heparin has been shown to be angiogenic itself (35), we found that tube growth is minimal compared to levels achieved with tryptase. A dose response study indicated that heparin alone accounts only for ‫ف‬ 25% of the large increase in tube growth mediated by tryptase. This angiogenic effect requires tryptase to be catalytically active, since synthetic tryptase inhibitors were able to abolish the effect. It is interesting to note that, to date, no native mammalian inhibitors of tryptase have been identified (11) . The future identification of a nontoxic or native tryptase inhibitor might greatly enhance the ability to control the balance of angiogenic activity in human diseases (40).
Based on this data, it appears that tryptase, released from mast cells at a site of new blood vessel growth, may play an important role in neovascularization. The precise mechanism by which tryptase stimulates neovascularization is not yet clear. We observed that in our model system, tryptase influences the endothelial cells directly, rather than "conditioning" the surrounding matrix. Since endothelial cells did not form substantial tubes on Matrigel pretreated with tryptase, we believe that tryptase interacts directly on endothelial cells via an unidentified mechanism to induce angiogenesis. The concept that enzymes have direct angiogenic properties has previously been reported (41) . Furthermore, tryptase is known to function as a mitogen for fibroblasts, smooth muscle cells, and epithelial cells (42) (43) (44) . We also demonstrated that tryptase can function as a mitogen for dermal microvascular endothelial cells (Fig.  9) . Thus, it is clear that tryptase may directly mediate microvascular endothelial cell activation, and the mechanism of promoting tube formation is unlikely a result of an indirect effect on the surrounding matrix. Tryptase also activates latent metalloproteinases and plasminogen activator (45, 46) , which function to degrade the extracellular matrix. Such degradation is critical in the early stages of angiogenesis.
Thus, tryptase may induce the formation of capillary structures by either directly acting on endothelial cells or by facilitating the initial steps of the process. Future studies are underway to elucidate the specific mechanism by which tryptase Figure 9 . Microvascular endothelial cell proliferation in response to varying concentrations of tryptase. HDMEC (5 ϫ 10 4 cells/ml) were partially serumstarved in 2% serum, allowed to adhere at 37ЊC for 4-6 h, and then exposed to varying concentrations of tryptase (as indicated) stabilized with heparin, heparin alone, or 5% serum for 72 h. The resulting number of viable HDMECs was determined using a nonradioactive colorimetric cell proliferation assay. Data are expressed as the mean percent over control (2% serum) ϮSEM of three experiments, with each concentration performed in triplicate wells. The asterisk indicates that the value is significantly greater than its corresponding control value (P Ͻ 0.05).
stimulates blood vessel formation. Such knowledge may lead to novel means of controlling pathological conditions that are dependent on angiogenesis.
